Aim: To study the effects of testosterone on streptozotocin (STZ)-induced memory impairment in male rats. Methods: Adult male Wistar rats were intracerebroventricularly (icv) infused with STZ (750 µg) on d 1 and d 3, and a passive avoidance task was assessed 2 weeks after the first injection of STZ. Castration surgery was performed in another group of rats, and the passive avoidance task was assessed 4 weeks after the operation. , ip) were administered for 6 d after the first injection of STZ. Results: STZ administration and castration markedly decreased both STL1 (the short memory) and STL2 (the long memory) in passive avoidance tests. Testosterone replacement almost restored the STL1 and STL2 in castrated rats, and significantly prolonged the STL1 and STL2 in STZ-treated rats. Administration of flutamide, letrozole or tamoxifen significantly impaired the memory in intact rats, and significantly attenuated the testosterone replacement in improving STZ-and castration-induced memory impairment. Conclusion: Testosterone administration ameliorates STZ-and castration-induced memory impairment in male Wistar rats.
Introduction
Alzheimer's disease is a common form of dementia in the elderly. Androgens, present in most bodily tissues, especially in the brain, perform specialized functions [1, 2] . In addition, accumulating evidence indicates that age-related androgen loss can contribute to neurodegenerative disorders, including Alzheimer's disease [3, 4] . Alzheimer's disease is caused by the deposition of Aβ protein as well as the dystrophy of nerve cells in the terminal areas of the prefrontal cortex, hippocampus and other cerebral areas. Interestingly, there is a unique relationship between steroidal hormones and neurodegenerative diseases in that replacement with estrogen causes a decline in Alzheimer's disease progression [5, 6] . The protective effects of estrogen due to the reduction in Aβ protein production [5, 6] . Some studies have shown that testosterone also affects the production and regulation of Aβ protein levels both in vitro [7, 8] and in vivo [9] . It has also been shown that, castrated rats are associated with a remarkable increase in Aβ levels in plasma [10] . More recently, it has been reported that low testosterone levels are associated with increased plasma Aβ -40 levels in elderly men with memory loss [9] . This protective effect has been shown to occur in the presence of an estrogen receptor blocker in experimental animals. Alzheimer's disease is also characterized by hyperphosphorylation of the intraneural tau protein, which causes the development of neural tangles. Testosterone is capable of preventing the hyperphosphorylation of tau protein [10, 11] . A study on age-matched controls and patients with Alzheimer's disease demonstrated that the reduction in neurosteroids in most areas of the body, especially in cerebral neurons, was the cause of the disease [12] . In addition, researchers have found synergistic effects among steroid sex hormones, such as testosterone and estrogen in relation to the level of Aβ in the rat brain [13] . There are two types of internal androgens in the body: testosterone and its metabolite, dihydrotestosterone [14] , each of which performs a variety of functions in the central nervous system [15] . Aromatase is an enzyme that converts androgen into estrogen and regulates the cerebral estrogen level in the brain. The www.chinaphar.com Nayebi AM et al Acta Pharmacologica Sinica npg activity of aromatase was first detected in the limbic system of the brain of the human fetus as well as in the rat hippocampus. Recent findings have revealed new unexpected roles for brain aromatase, including the regulation of synaptic activity, synaptic plasticity, neurogenesis and the response of neural tissue to injury, mood and cognition [15] . The brain aromatase enzyme was detected in the fetal human limbic system and in the rat hypothalamus [16] . A number of subsequent studies have shown the activity and distribution in the aromatase enzyme of the central system in some species of vertebrates. Thus, the activity of androgens in the brain's central system is mediated by both an indirect mechanism (ie, aromatization of testosterone and its conversion into estrogen) and a direct mechanism (ie, through androgen receptors) [17] . Anti-androgens were developed to competitively bind to androgen receptors to and interfere with androgen receptors association and action [18] . There are two general types of anti-androgen: steroidal and non steroidal [19] . The non steroidal anti-androgens such as flutamide are generally considered pure anti-androgens, as they do not exhibit androgen receptor agonist activity [20] . In this study, the effects of neuron protection were investigated using an androgen receptor antagonist (ie, Flutamide), estrogen receptor antagonist (ie, Tamoxifen) and aromatase inhibitor (ie, Letrozole) with the synergistic function of the androgen and estrogen receptors in neurodegenerative diseases, such as Alzheimer's disease.
Materials and methods

Chemicals
All chemicals were obtained from Sigma Chemical Co (USA) except for testosterone enanthate, which was purchased from Daroo Pakhsh (Tehran, Iran). Solutions were prepared freshly on the day of experimentation.
Tamoxifen and STZ were dissolved in sterile 5% dimethyl sulphoxide (DMSO), and artificial cerebrospinal fluid (ACSF: 120 mmol/L NaCl, 3 mmol/L KCl, 1.15 mmol/L CaCl 2 , 0.8 mmol/L MgCl 2 , 27 mmol/L NaHCO 3 , and 0.33 mmol/L NaH 2 PO 4 adjusted to pH 7.2). Testosterone, flutamide and letrozole were dissolved in sterile Castor oil.
Animals
The study was conducted in male Wistar rats weighting 220-250 g. The animals were housed in standard polypropylene cages, four animals per cage, and under a 12 h light/12 h dark program at an ambient temperature of 25±2 °C with free access to food and water. The experiments were carried out under the ethical guidelines of the Tabriz University of Medical Sciences for the care and use of laboratory animals.
Castration
Animals were anesthetized by intraperitoneal (ip) injection of ketamine (60 mg/kg) and xylazine (6 mg/kg). The ventral scrotum was shaved and scrubbed with betadine (Behvazan Co, Rasht, Iran). Then, a 1.5-cm transverse incision was made at the midline scrotum, the testes were exteriorized through the incision, the tubules were tied with 0.4 silk sutures, and finally, the testes and testicular fat were removed. The sham surgery consisted of exposing the gonads without removing them. The behavioral studies were performed 4 weeks after castration.
Intracerebroventricular (icv) injection of STZ
The animals were anesthetized with ketamine (60 mg/kg, ip) and xylazine (6 mg/kg, ip), and then, the animals were mounted in a stereotaxic frame in the flat skull position. The scalp was shaved and swabbed with iodine and a small central incision was made to expose the skull. Then, two bilateral burr holes were drilled through the skull using coordinates according to the stereotaxic atlas [19] : anteroposterior from bregma (AP)=-0.8 mm, mediolateral from the midline (ML)=±1.6 mm and dorsoventral from the skull (DV)=3.4 mm. STZ (750 µg/10 µL ACSF/Rat, at d 1 and 3) was infused bilaterally into the cerebral ventricles using a Hamilton syringe and an infusion pump at a flow rate of 0.2 μL/min [19] . Behavioral investigations were carried out 2 weeks after the first injection of STZ.
Passive avoidance test
The apparatus (Azma Co, Tabriz, Iran) consisted of an illuminated chamber connected to a dark chamber by a guillotine door. Electric shocks were delivered to the grid floor by a stimulator. On the first and second days of testing, each rat was placed on the apparatus and left for 5 min to habituate to the apparatus. On the third day, an acquisition trial was carried out. The rats were individually placed in the illuminated chamber. After the habituation period (2 min), the guillotine door was opened and after the rat entered the dark chamber, the door was closed and an inescapable scrambled electric shock (1 mA, 50 Hz, 3 s once) was delivered. In this trial, the initial latency (IL) of entrance into the dark chamber was recorded and the rats with IL greater than 60 s were excluded from the study. Twenty-four hours later, each rat was placed of the illuminated chamber for a retention trial. The interval between the placement in the illuminated chamber and the entry into the dark chamber was measured as step-through latency (STL1, cut of time 900 s) for short memory. This test was conducted 3 weeks post-surgery, and each rat was tested only once for measuring STL2 for long memory.
Statistical analysis
Instate software was used to prepare the descriptive statistics and to compare the differences between the means of the data sets. All results were expressed as the mean±SEM and were analyzed by performing one-way ANOVA. The level of statistical significance was set at P<0.05. If statistical significance was observed at P<0.05, a post-hoc Tukey test was employed to identify where the differences occurred.
Results
The effect of STZ and castration on memory impairments Cas+STZ with testosterone and 9) Sham (Cas+STZ) with testosterone. STL1 and STL2 of the intact with testosterone and Sham (Cas+STZ) with testosterone groups were the same as the non-treated control animals. In the STZ with testosteronetreated and castrated with testosterone-treated rats, STL1 and STL2 were significantly (P<0.01) higher than the STZ-treated and castrated animals without testosterone. Furthermore, STL1 and STL2 were increased significantly (P<0.01) by testosterone replacement therapy in the STZ+Cas rats compared with the STZ+Cas group (Figure 2 ).
The effect of letrozole, flutamide and tamoxifen on memory impairments The effect of letrozole, flutamide and tamoxifen on short (STL1) and long (STL2) term memory was investigated using vehicle-treated (castor oil, carboxymethyl cellulose and 5% dimethyl sulfoxide) control rats. In these groups, step through latency was assessed using a passive avoidance test. The STL1 and STL2 of the vehicle-treated control rats (castor oil, carboxymethyl cellulose rats and 5% dimethyl sulfoxide), were the same as the intact animals. Additionally, the STL1 and STL2 of the castrated with STZ rats were significantly decreased (P<0.01) by flutamide, letrozole and tamoxifen compared with the intact rats treated with a vehicle control. In addition STLs were assessed in the intact and STZ rats treated with flutamide, letrozole and tamoxifen ( Figure 3B ). The STL1 and STL2 of the intact rats treated with flutamide, letrozole and tamoxifen were significantly decreased (P<0.01) compared with the intact animals. Lastly, the STL1 and STL2 of the STZ group treated with flutamide, letrozole and tamoxifen were similar to the STZ rats.
The effect of testosterone replacement and letrozole, flutamide and tamoxifen injection on memory impairment The effect of testosterone replacement in intact rats treated with letrozole, flutamide and tamoxifen on short term (STL1) and long term (STL2) memory were assessed ( Figure 4A ). The results demonstrated that the STL1 and STL2 of the intact rats treated with Let, Tmx, and Flu were significantly decreased (P<0.01) compared with the intact rats and the intact rats provided with testosterone replacement. Additionally, the STL1 and STL2 of the STZ-treated rats provided with testosterone replacement and injected letrozole, flutamide and tamoxifen were significantly decreased (P<0.01) compared with the same group without letrozole, flutamide and tamoxifen. In addition, STLs were assessed in the castrated and Cas+STZ groups provided with testosterone replacement and after Flu, Let, and Tmx treatment ( Figure 4B ). The STL1 and STL2 of the castrated rats provided with testosterone replacement (Flu, Let, and Tmx) were significantly decreased (P<0.01) compared with the same group without Flu, Let, and Tmx treatment.
In addition, Figure 4B shows that the STL1 and STL2 of the STZ+Cas group provided with testosterone replacement and with Flu, Let, and Tmx treatment were significantly decreased (P<0.01) compared with the same group without Flu, Let, and www.chinaphar.com Nayebi AM et al Acta Pharmacologica Sinica npg already been provided by means of STZ-icv treated rats, which revealed that the development of an insulin resistant brain state induced by STZ-icv treatment precedes and eventually leads to tau and Aβ pathology [21] . This study observed significant reduction in STL1 and STL2 in the group receiving STZ compared with the control group (P<0.01). Thus, STZ may contribute to memory and learning disorders in male Wistar rats. The dose of STZ used in this study is safe and has been shown not to cause any change in peripheral blood glucose levels [22] . In previous studies, the effect of testosterone on rats treated with STZ in relation to androgen or estrogen receptors has not been thoroughly addressed [23] . Therefore, in the current study, an androgen receptors antagonist (ie, Flutamide with the dose of 10 mg/kg, ip, on d 1-6), estrogen receptors antagonist (ie, Tamoxifen with the dose of 1 mg/kg, ip, on d 1-6) and aromatase inhibitor (ie, Letrozole with the dose of 4 mg/kg, ip, on d 1-6) were employed. The results from the passive avoidance test revealed obvious memory disorders in the 4-week castrated rats. These results support the data from a previous report that tested the effect of testosterone on rat Tmx treatment.
Discussion
Alzheimer's disease is a neurodegenerative disease that is caused by the destruction of the neurons in different areas of the cerebral cortex, particularly the cholinergic neurons of the hippocampus and the frontal cortex. Drastic abnormalities have been found to occur in cerebral glucose and energy metabolism in sporadic Alzheimer's disease, pointing to a primary disturbance in neuronal insulin and insulin receptor signal transduction, which contributes to the cause of dementia. Streptozotocin (STZ) is known to inhibit insulin receptor function and oxidative stress. Herein, the acute administration of streptozotocin at a dose of 750 µg/rat/10 µL ACSF on the first and third days induced a model of sporadic Alzheimer's disease. The characterization and validation of the STZ-icv treated rat as a model for sporadic AD has been ongoing for more than 20 years. Important findings regarding the pathophysiology of sporadic Alzheimer's disease have www.nature.com/aps Nayebi AM et al Acta Pharmacologica Sinica npg spatial memory [24] . The results from the present study demonstrated that STL1 (short memory) and STL2 (long memory) were significantly decreased in the control group and the STZtreated group treated with flutamide, tamoxifen, and letrozole, indicating memory impairment and the subsequent development of AD in these groups of rats.
Testosterone can modulate brain function via aromatization to 17b-estradiol to influence estrogen receptor-mediated gene transcription. In some cases, the effect of testosterone supplementation on verbal memory appears to be due to the aromatization to 17b-estradiol, whereas the effect on spatial memory is dependent of aromatization [25, 26] . In rodents, androgen manipulation modulates spatial working memory wherein animals must use new spatial information that is learned in each trial [26] . Similarly, intra-hippocampus injections of estradiol improve rat performance in a Morris water maze test [27] . Thus, the metabolic role of androgens in memory improvement should not be underestimated.
This study showed that testosterone did not produce any significant effect on the time of STL1 and STL2 in the control group. Consequently, it could be concluded that testosterone, beyond the physiological limit of the body, did not have any effect on improving memory and learning in the non-castrated and control groups. Testosterone did improve the memory and learning of the STZ-treated rats, but not to the same extent as the control group. Another finding of this study was that castor oil, carboxy methyl cellulous (CMC) and dimethyl sulphoxide (DMSO) did not significantly change the STL1 or STL2 of both the control and castrated groups. Therefore, significant changes were only associated with the replacement of letrozole, flutamide, and tamoxifen in rats. Androgen receptor antagonists, such as flutamide, affect Androgen receptors by blocking them. Tamoxifen and Letrozole treatment in the control group was the main reason for the significant changes in STLs (P<0.01), which induced memory and learning disorders. These drugs influence pathways in the CNS that are affected by testosterone, causing learning and memory disorders in rats. In addition, testosterone, through direct and indirect mechanisms, may decrease memory impairment in rats. According to the obtained results, castration impaired memory in the rats treated with STZ, while testosterone replacement reversed memory impairment. Therefore, testosterone may potentially be used to treat learning and memory disorders. Furthermore, based on our study, androgen and estrogen receptors may have synergistic effects; therefore, therapy with testosterone in combination with routine anti-AD drugs may useful in the prevention and treatment of AD disease.
